Abstract A merged, high-quality waveform dataset from different seismic networks has been used to improve our understanding of lateral seismic attenuation for Northern Italy. In a previous study on the same region, Morasca et al. (Bull Seismol Soc Am 98:1936-1946, 2008 were able to resolve only a small area due to limited data coverage. For this reason, the interpretation of the attenuation anomalies was difficult given the complexity of the region and the poor resolution of the available data. In order to better understand the lateral changes in the crustal structure and thickness of this region, we selected 770 earthquakes recorded by 54 stations for a total of almost 16,000 waveforms derived from seismic networks operating totally or partially in Northern Italy. Direct S-wave and coda attenuation images were obtained using an amplitude ratio technique that eliminates source terms from the formulation. Both direct and early-coda amplitudes are used as input for the inversions, and the results are compared. Results were obtained for various frequency bands ranging between 0.3 and 25.0 Hz and in all cases show significant improvement with respect to the previous study since the resolved area has been extended and more crossing paths have been used to image smaller scale anomalies. Quality-factor estimates are consistent with the regional tectonic structure exhibiting a general trend of low attenuation under the Po Plain basin and higher values for the Western Alps and Northern Apennines. The interpretation of the results for the Eastern Alps is not simple, possibly because our resolution for this area is still not adequate to resolve smallscale structures.
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Introduction
The quality factor, Q, is one of the many parameters required for input into seismological models for geophysical applications such as simulation of strong ground motions (Boore 2003; Atkinson and Boore 1995, 2006) , earthquake hazard analysis (e.g., Akinci et al. 2004; Montaldo et al. 2005) , or for a structural and tectonic interpretation (e.g., Mele et al. 1997) .
Within Northern Italy, the Q parameter has been defined using 1-D models for different subregions (e.g., Morasca et al. 2006 and Drouet et al. 2008 , for the Western Alps; Thouvenot 1983; Castro et al. 2008 and Bay et al. 2003 for the Central Alps; Malagnini et al. 2002; Castro et al. 1996 and Console and Rovelli 1981 for the Eastern Alps). The motivation for improving upon the 2-D attenuation model for Northern Italy is severalfold. First, the region is characterized by several anomalous zones (Kissling 1993; Kissling and Spakman 1996; Paul et al. 2001) . In general, a simple 1-D model is very likely insufficient to describe the seismic wave propagation at the regional scale in this region. For example, within each subregion, strong lateral anomalies exist (Campillo et al. 1993; Paul et al. 2001; Cattaneo et al. 1999; Kissling 1993; Kissling and Spakman 1996) , and in some cases, the authors had to use complicated 1-D models to describe the attenuation in the subregion (Morasca et al. 2006) .
A lateral varying attenuation model of seismic attenuation in Italy was proposed by Carletti and Gasperini (2003) that gives a qualitative description that was based upon seismic intensity derived from macroseismic observations. For a more quantitative description, Campillo et al. (1993) computed the Lg/Pn amplitude ratios across the Western Alps and used numerical simulations to model anomalous propagation of Lg waves across the region.
However, little has been published using amplitude attenuation to produce detailed images of regionally varying Q in Northern Italy. An attempt at estimating attenuation tomographically in this region was carried out by Morasca et al. (2008) . The authors tested the attenuation tomography method developed by Phillips et al. (2005) combined with the coda wave measurement approach proposed by Mayeda et al. (2003) to correct the observed data. Their results showed that the 2-D path correction produces lower standard deviations when applied to coda wave measurements.
For comparison, they also applied the 2-D approach on the direct wave amplitudes, and also in this case, the improvement was observed, although the improvement did not approach coda levels.
The limitation of the study by Morasca et al. (2008) was in the small resolved area that makes it difficult to derive an interpretation of the observed Q variations as a function of the complex structural setting. Although the authors try to correlate their attenuation results to the known anomalies in the region, they acknowledge their difficulties and underline the necessity to enlarge the resolved area for a more significant interpretation of the wave propagation in the Northern Italy. In fact, the spatial distribution of events and stations may introduce an azimuthal effect on the amplitudes of the ground motion (Campbell and Bozorgnia 1994) , and the Morasca et al. (2008) study is mainly based on data recorded in the Western Alps and Northern Apennines with only a few paths coming from the Northeastern Italy.
The aim of this study is to provide a more complete understanding of attenuation for Northern Italy, as literature is lacking for this region. On a pragmatic level, having a detailed knowledge of the laterally varying attenuation will be important for seismic risk analysis. This study represents the first time that a dataset of this size has been amassed for Northern Italy that includes waveforms and stations from various networks operating in this area. In fact, while seismic travel-time tomography studies rely on published phase picks in network bulletins, attenuation tomography requires a large amount of waveform data with good azimuthal coverage.
Tectonic framework
The region we are focusing on is characterized by a combination of different structures interacting with each other. On a large scale, it is possible to consider the relationship between the Alpine chain and the Northern Apennines, two different orogenic structures: the first one being related to the subduction of Europe underneath the Adriatic plate and the second one is a fold-and-thrust belt
